INTRODUCTION {#sec1-1}
============

During the last few years, dual-source high-pitch imaging has become increasingly important in the daily routine of Radiology Departments.\[[@ref1]\] In dual-source computed tomography (CT) imaging two 'sources' means that two X-ray tubes are in use at an angle of approximately 90 degrees to each other.\[[@ref1]\] After introduction of the second generation dual-source CT, about four years ago, increasing pitch (pitch = table mm/n \* T mm, where n = No. of slices and T = slice thickness mm) values above the former traditional technical limit of 1.5 in a single-source CT, became possible.\[[@ref2]\] When high-pitch imaging is performed, one of the major advantages, compared to conventional single source normal pitch imaging, is the image acquisition time. In high-pitch imaging it is possible to get a significant reduction in motion artifacts.\[[@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14]\] This makes high-pitch imaging the technique of choice, especially when regions of the body that are normally subject to motion artifacts have to be examined.\[[@ref11]\] Therefore, in clinical practice there are some major regions of interest where high-pitch imaging can demonstrate its advantages, such as, in imaging of the heart, the great thoracic vessels, and the lungs, in patients who have problems holding their breath.\[[@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\] As our clinical experience in high-pitched imaging shows --- especially in non-electrocardiogram (EKG)-gated high-pitch imaging --- the amount of energy that can be applied may be limited by patient habitus.\[[@ref4]\] In high-pitch imaging of the lung, these energy factors are not relevant, but in imaging of the upper abdominal tract the maximum applicable energy may cause problems, leading to diagnostic issues. Therefore, the aim of this study was to examine the maximum current levels that can be used in dual-source high-pitch CT during imaging of the upper abdominal tract.

MATERIALS AND METHODS {#sec1-2}
=====================

This study was carried out using an experimental setup that remained constant throughout. An upper-abdominal phantom was placed on the CT table and no alterations were made to this experimental setup during all the CT examinations \[[Figure 1](#F1){ref-type="fig"}\]. First, the phantom was examined for a scout view. This was followed by a series of high-pitch examinations, beginning with a pitch of 3.2 \[[Table 1](#T1){ref-type="table"}\]. This value was reduced in steps of 0.2, with each successive test, ending at a pitch of 1.6 in the final examination \[Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}\]. All investigations were carried out in the same scan range, once with a tube voltage of 120 kV, and once with 100 kV (Modes 1 and 2, [Table 1](#T1){ref-type="table"}). The tube charge in mAs (= mA multiplied by the rotation time) was always adjusted to the maximum that the CT machine could perform at, without using the dose modulation software (Care Dose 4D), so that the exact tube maximum could be reached. To achieve the maximum current, the mAs value was increased stepwise until a malfunction message appeared on the screen. One step downward from the level producing an error-message was chosen for the examinations, and this was taken as the maximum current that the CT machine was able to apply.
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Examination protocols
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High-pitch examinations at 100 kV
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High-pitch examinations at 120 kV
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The images obtained were reconstructed in a conventional filtered back-projection recon kernel B30, as frequently used for imaging soft tissue. The images were assessed in slices/increments of 5 mm/5 mm as transversal cross-sectional images. For further evaluation coronal and sagittal images in slices/increments of 2 mm/2 mm were reconstructed in the same manner.

Measurements {#sec2-1}
------------

As objective measures of image quality of the examination series, several region-of-interest (ROI) measurements, using the circle tool and a Picture Archiving and Communication System (PACS) workstation (Centricity 4.2, General Electric Healthcare, Dornstadt, Germany), were performed by a radiologist, who had four years of experience in CT. The mean attenuation values and standard deviation were recorded and displayed in Hounsfield Units (HU). The background noise (BN) was determined as the standard deviation of air measured in front of the phantom. The attenuation at different locations in the phantom were measured (liver parenchyma, liver metastases (hyper- and hypo-dense examples), muscle tissue, cutaneous fat tissue, cutaneous metastases (hyper- and hypodense examples), as also the air in front of the phantom). The ROI measurements were drawn as large as possible, to include as much of the corresponding area of interest as feasible. To minimize bias from single measurements, we calculated the average of four measurements for each ROI. On the basis of these measurements, the signal-to-noise ratio (SNR) was determined according to the following equation: SNR = Attenuation/BN. To calculate the contrast-to-noise ratio (CNR)- value, we measured the attenuation and the HU and SD of attenuation of the surrounding muscle tissue (ROI muscle) compared with the attenuation of the hyperdense subcutaneous lesions \[Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}\]. CNR was calculated as CNR = ((ROI subclesion-ROI muscle)/image noise).

![Images at different pitch values (100 kV, A = Pitch 3.2; B = Pitch 2.8, C = Pitch 2.2; B30 Kernel).](JCIS-5-2-g006){#F2}

![Images at different pitch values (120 kV, A = Pitch 3.2; B = Pitch 2.8, C = Pitch 2.2).](JCIS-5-2-g007){#F3}

Subjective image quality rating was conducted in a blind fashion by two independent radiologists, with three and four years of experience, respectively, in general CT imaging. The rating was done according to a five-point scale as follows: 1 = excellent/no artifacts, 2 = good/hardly any artifacts, 3 = moderate/few artifacts, 4 = fair/many artifacts, 5 = unacceptable.

Statistical analysis {#sec2-2}
--------------------

Categorical variables were reported as counts. Continuous variables were expressed as median and range. Exemplary: Attenuation values, SNR, CNR, subjective image quality score, DLP (Dose Length Product) and CTDIvol (Computed Tomography Dose Index). Analyses were performed using a dedicated software (BiAS 9.14, Epsilon Verlag, Germany). For statistical comparison a Kruskal-Wallis Test was performed. A Cohen\'s kappa analysis was performed to determine the interobserver agreement for subjective image quality scoring.

RESULTS {#sec1-3}
=======

It became apparent that the maximum applicable energy, especially at increasing pitch levels, was limited. At a pitch factor of 3.2 it was possible to apply a maximum of 142 mAs at 120 kV and 114 mAs at 100 kV. All measurements were performed without the use of a dose modulating software (Care Dose 4D, Siemens, Forchheim, Germany) to obtain a value for the maximum energy that the CT machine was able to deliver. As the applicable energy decreased, while increasing the pitch factor, the image noise increased. The SNR and CNR values decreased, while the pitch factors increased \[Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}\]. When discussing the increasing imaging noise, we should consider the reduction in image quality. As expected, in the subjective image analysis, we saw a near linear correlation between the increase in pitch factor and a corresponding decrease in the applicable energy, to decreasing image quality). The linear correlation did display a dip in the curve, and this dip occurred at a pitch factor of 2.8 \[[Figure 6](#F6){ref-type="fig"}\]. Therefore, performing examinations at a pitch factor of 2.8 resulted in a better image quality compared to the pitch values nearby. Thus, this remained an interesting point for future investigations, although we could not immediately envisage why at that particular pitch value the image quality was rated to be better compared to the other values. Therefore, there might be an advantage in conducting a study exploiting a more overlapping dataset. To reduce the image noise seen in high-pitch imaging, it had already been proved that iterative reconstruction algorithms had positive effects on image quality.\[[@ref16][@ref17]\] In our study, we reconstructed the images in the B30 kernel (medium-smooth kernel), which were often used for abdominal imaging.\[[@ref18]\] With regard to the image noise, we calculated the SNR, CNR, and additionally evaluated the image quality in grades from one to five, as explained above \[Figures [4](#F4){ref-type="fig"}--[6](#F6){ref-type="fig"}\]. The interobserver agreement was good, with a value of Cohen\'s kappa of 0.8.
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![Subjective image quality at different pitch factors (Quality Rating Scale from 1 to 5 = Y-axis: 1 = excellent image quality, 5 = worst image quality). The red line represents the 100 kV group, the blue line represents the 120 kV group.](JCIS-5-2-g010){#F6}

DISCUSSION {#sec1-4}
==========

The main result of our study was that the energy in dual source high-pitch mode was definitely limited. As shown in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, the maximum applicable current that could be supplied by the machine, especially beyond a pitch of 3.0, had to be kept in mind when imaging at those pitch values. The scanner studied here was often working at its absolute limits; these limits were a result of the accelerated rotation time combined with fast table movement.\[[@ref19]\] Together, the time during which radiation was applied to the patient, and consequently the image acquisition time during which the detector was absorbing the X-rays, remained so brief that the tubes were often working at a current above 1000 mA. These values were close to the total energy limits of the tube. Therefore, when we tried to go beyond these limits, the scanner produced a malfunction message. Thus, this represented one major cause for the dose savings described in the recent literature.\[[@ref12][@ref20]\] In a conventional single-source mode, a CT machine was able to deliver as much energy as was needed, and so gained a constant noise-level, and this could be adjusted using the Dose-Modulation software (such as Care Dose 4D).\[[@ref21]\] In high-pitch mode, the machine, at some point during examination of the patient, was not able to deliver the energy that was necessary and so a malfunction message was displayed, and as a result the examination had to be performed with 'under radiation' in some areas of the body, resulting in less total radiation exposure.

In our examination, we wanted to rule out the limits of the scanner, so we performed all our scans without the use of the dose-modulating software. The use of this software would have meant that we would have been unable to produce valid results and it would not have been possible to draw conclusions that would have been relevant to clinical practice from our results. This was on account of various patient features, especially the body mass index, as this was the major influential factor of the dose-modulation software, which adjusted the energy levels to keep the noise levels stable.\[[@ref21]\] When the dose-modulating software is used, the tube or the scanner can be adjusted to higher mAs values, as we observed, and this is in agreement with the recent publications in the field of high-pitch imaging.\[[@ref8][@ref12]\] However, even in the field of high-pitch imaging, when using the dose-modulating software, the energy is still limited. Naturally, determining these values by using the dose-modulation software is more complicated, because other influential factors have to be kept in mind (e.g., patient size, weight, and the region that will be examined). Overall, for the evaluation of the maximum applicable energy when using dose modulating software, further studies have to be performed, but in our view the study here may represent a first step.

With respect to the image quality rating, looking at [Figure 6](#F6){ref-type="fig"}, there is a dip in the curve at pitch values between 2.6 and 2.8. We cannot explain why at exactly these pitch values the image quality is rated better compared to the other values. Thus, it may be advantageous to conduct a study utilizing a more overlapping dataset. Performing examinations at a pitch factor between 2.6 and 2.8 resulted in an image quality nearly equal to a pitch factor of 2.2.

In recent times, many studies concerning high-pitched imaging have been published. Most of them focus on imaging of the heart and the vessels of the thorax.\[[@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14]\] In some studies, the limitation of energy is described and the scanner is adjusted to values that the machine is able to perform, however, a controlled study for the maximum applicable energy has not yet been published. In our study we wanted to determine the limits of high-pitch imaging and the consequences for image quality.

As the ongoing progress in a multi-slice CT enables us to use a more sophisticated CT scanner technology, one of the recent technologies uses wide detector arrays, up to 16 cm, to cover a wide area of the body with one rotation.\[[@ref22]\] However, this is a different approach when compared to a dual-source CT, because this remains a one-tube detector system, whereas, in a dual-source CT there are two tube-detector systems in use, at about 90-degree angles to each other.\[[@ref1]\] Comparisons between both techniques may be interesting for further research projects.

Limitations {#sec2-3}
-----------

One limitation of our study was that we did not compare the use of the dose-modulating software with the dose modulating software mode when it was not used. However, our main goal was to show how much energy could be applied in a stable setting, and therefore, we performed our examinations without the dose modulation software. Of course, the energy levels when using the dose modulating software would be limited too.

Another limitation of the CT scanner is the width of the second detector, which only covers 33 cm. Another limitation we show in our study is the maximum energy that can be applied to the patient. In a conventional single source mode, the maximum applicable energy is not generally a concern, because the scanner, depending on the rotation time, is normally able to deliver as much energy as is needed to examine the patient, irrespective of their height and weight. In high-pitch imaging this is not always possible.

CONCLUSION {#sec1-5}
==========

High-pitch imaging, in departments where a CT machine that is able to work in this mode is available, is already a standard examination tool for selected clinical indications. As the high-pitch mode is used more routinely, it becomes increasingly important to examine the limitations of high-pitch imaging. Therefore, in some cases, high-pitch imaging is a good solution for imaging patients, but in other cases, especially in abdominal imaging, it may be desirable to apply more energy than the CT is able to deliver. Altogether, not every clinical question can be answered in a way that it could be in conventional single source mode CT. The limited energy, as well as the detector width, have to be kept in mind when examining at high-pitch.
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